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Anti-Oxidants in Parkinson’s Disease Therapy: A Critical Point of View
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Abstract: Parkinson’s disease (PD) is a degenerative neurological syndrome, which is characterized
by the preferential death of dopaminergic (DAergic) neurons in the Substantia Nigra. The
pathogenesis of this disorder remains poorly understood and PD is still incurable. Current drug
treatments are aimed primarily for the treatment of symptoms to improve the quality of life.
Therefore, there is a need to find out new therapeutic strategies that not only provide symptomatic
relief but also halt or reverse the neuronal damage hampering PD progression. Oxidative stress has
been identified as one of the major contributors for the nigral loss in both sporadic and genetic forms
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of PD. In this review we first evaluate the current literature that links oxidative stress and mitochondrial dysfunction to
PD. We then consider the results obtained through the treatment of animal models or PD patients with molecules that

prevent oxidative stress or reduce mitochondrial dysfunction.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder characterized by the preferential
death of dopaminergic (DAergic) neurons in the midbrain
area known as Substantia Nigra (SN), resulting in a decrease
of dopamine (DA) levels in its striatal projections. DA is
pivotal for normal movement because it is the neuro-
transmitter that allows information on movement to be
transferred from the SN to the striatum, which then initiates
and controls the ease and balance of movement [1].
Coherently with dopamine depletion, the main clinical
feature of PD is the presence of several motor dysfunctions,
which include resting tremor, muscular rigidity, bradykinesia
and postural instability. However, this neurodegenerative
disease also affects cholinergic, serotonergic and noradrenergic
systems accounting for other clinical non-motor manifestations,
which are present in most patients, such as cognitive
impairment, olfactory deficits, sleep disturbance, depression
and constipation [2].

Although the discovery of monogenic, heritable
forms of the disease, which represent 5-10% of all cases, has
been very important in helping to delineate the cellular
pathways leading to this pathology, PD is generally an
idiopathic neurological disease. The etiology of sporadic
forms of PD is still poorly understood and aging is
considered the most important risk factor. Strong evidence
now exists indicating that oxidative stress and mitochondrial
dysfunction play a central role in the progression of the
disorder [3].
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OXIDATIVE STRESS AND MITOCHONDRIAL
DYSFUNCTION IN PARKINSON’S DISEASE

Oxidative stress occurs when the ability of the
endogenous antioxidant systems is overwhelmed by the
generation of reactive oxygen species (ROS). ROS
encompass both free radical species such as the superoxide
anion (*O; ) and the hydroxyl radical (*OH), as well as other
non-radical molecules such as hydrogen peroxide (H,O,) [4].
Mitochondria are recognized as the main source of ROS [5].
Actually, ROS are by-products of aerobic respiration and in
particular of oxidative phosphorylation that occurs at
mitochondrial level. Specifically, the formation of
mitochondrial superoxide radicals takes place primarily at
two discrete sites in the electron transport chain, at level of
complex I and complex III. Once the *O, is generated, it can
induce the production of other ROS, such as H,O, and *OH.
The latter can be also produced through the Fenton reaction
in the presence of intracellular iron, or it can be formed via
the Harber-Weiss reaction. Moreover, *O, can combine
spontaneously with intracellularly synthesized NO to form
peroxynitrite (ONOO"), which is a highly reactive nitrogen
species. Neuronal cells are considered hypersensitive to
ROS-induced damage because of their massive oxygen
consumption associated with a high energy demand and of
the low regenerative capacity due to their post-mitotic
nature. These properties might explain the vulnerability of
neuronal tissues to chronic and degenerative diseases,
including PD. ROS are highly reactive molecules that can
interact with several cellular components, such as nucleic
acids, proteins and lipids, causing cell injury.

The association between oxidative stress and the
degeneration of DAergic neurons has been highlighted
through post mortem examinations of PD brains, in which a
strong evidence of oxidative damage was found in the
analyzed tissues. Lipid peroxidation is defined as the
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degradation of cell membrane components mediated by
ROS. Unsaturated lipids are susceptible to oxidative
modifications at the level of their carbon-carbon double
bonds generating a radical chain reaction which leads to the
production of 4-hydroxyl-2,3-nonenal and malondialdehyde.
Both these markers have been observed in DAergic cells of
PD brains [6, 7]. Additionally, patients present an increase at
level of nigral neurons of 8-hydroxyguanosine, a
characteristic product derived from nucleic acids oxidation
[8]. Other targets of ROS-mediated oxidation are proteins.
Here again, different investigations revealed the presence of
a high content of protein carbonylation, a hallmark of
oxidative protein damage induced by ROS, in brains of PD
patients [9, 10]. Nevertheless, it is worth mentioning that it is
impossible to discern from the aforementioned observations,
whether oxidative stress plays a role in promoting PD or it is
merely a consequence of neuronal cell loss.

Additional support to the role of oxidative stress in the
loss of dopaminergic neurons arises from the observation
that a significant iron accumulation occurs in the SN of
patients with PD [11-13], where neuromelanin-granules with
iron overload are present [14]. Moreover, besides an increase
of 176% in the levels of total iron, a 225% increase of iron
(IIT) was also found in the SN of the PD patients, indicating
that changes in the ratio Fe(I1I):Fe(II) could be implicated in
the pathology [13]. Iron can generate oxidative stress in
several ways [15], the most prominent being its ability to
take part to the Fenton reaction to produce hydroxyl radicals.
Strictly related to the preferential neuronal degeneration,
which characterizes PD, it has been also indicated that iron
in the presence of DA and H,O, can catalyze the synthesis of
the endogenous neurotoxin 6-hydroxydopamine (6-OHDA)
[16, 17]. Accordingly, in a work performed using mice fed
with a high iron diet, significantly increased brain iron
concentrations were found compared to controls, associated
with an increased fraction of oxidized (GSSG) versus
reduced (GSH) glutathione and enhanced levels of hydroxyl
radicals in striatum and brainstem [18]. In the same model,
the effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a molecule able to induce a parkinsonian phenotype
also in humans (see below), were strongly enhanced in iron-
loaded mice, in comparison to controls.

To deal with the accumulation of free radical species,
cells possess several antioxidant defense systems, which
work synergistically to avoid oxidative stress production.
Among them, GSH is very abundant in mammalian cells,
attaining concentrations up to 12 mM [19]. It is worth
mentioning that an age-dependent reduction in GSH levels
has been described [20], and that the SN has the lower
concentration of GSH in comparison to other brain regions
[21]. Additionally, in agreement with the proposed link
between oxidative stress and PD, a further reduction in the
concentration of GSH has been described in the SN of early
and advanced PD patients leading to the hypothesis that the
drop of GSH concentration in the SN could be an early event
for PD [22-24].

The direct association between mitochondrial dysfunction
and PD was firstly proposed, based on post-mortem
examinations, which indicated a loss of complex I activity in
the SN of patients who had died from PD [25, 26]. Accordingly
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to the notion that complex I is one of the main mitochondrial
sites of superoxide radical production [5], mitochondrial
dysfunctions were observed in association with increased
oxidative stress, emphasizing the interrelationship between
these events [27, 28]. More recently, additional support
emerged from the identification of genetic causes of familial
PD. Specifically, mutations in four genes, encoding parkin,
DJ-1 PINK1 and Fbxo7, are involved in recessive forms of
parkinsonism [29-32]. The main cellular effects, which are
common to all four genes, concern mitochondrial functioning
and oxidative injure, indicating a potential overlap among
the pathways that lead to recessive parkinsonism.
Specifically, Parkin, PINK1 and Fbxo7 proteins have been
described to exert a central role in the mitophagic process to
selectively remove damaged mitochondria. Consequentially,
dysfunction of these proteins affects mitochondrial morphology
and integrity [33-36]. Although the precise biological
function of DJ-1 is not known, a general consensus exists
that it plays a role in the cellular responses to oxidative stress
[37]. Interestingly, it has been suggested that DJ-1 could act
in maintaining the mitochondrial functioning in the presence
of oxidative stress, by working in parallel to the PINK1/
parkin pathway [38]. The impairment of mitochondrial
function in idiopathic forms of PD is further highlighted by
the finding that the exposure to environmental toxins, that
affect mitochondrial functions, is a significant risk factor for
PD. These same toxins produce parkinsonian phenotypes
when used in animal models (see [39] for a review). In
conclusion, strong experimental evidence implicates
oxidative stress as being involved if not in the pathogenesis
of PD, at least the propagation of cellular injury associated to
the pathology. Oxidative stress is tightly linked with an
integrated series of cellular phenomena, such as protein
aggregation, mitochondrial dysfunction, protein clearance
etc, which all seem to contribute to neuronal loss. The
relation among these processes may not be necessarily a
cascade, but the events can be correlated in a cyclic way, in
which oxidative stress is a major component. Fig. 1
emphasizes how oxidative stress seems to be involved in the
progression of PD.

In light of the aforementioned evidence of the central role
played by oxidative stress and mitochondrial dysfunction in
the progression of PD, antioxidant molecules have been
considered attractive therapeutic drugs to cure PD. Several
neurotoxin-based animal models, that played an important
role in studying the mechanisms of PD pathogenesis, are
often used to evaluate the efficacy of various therapeutic
agents in PD. The degeneration of dopaminergic neurons
observed in these animal models is associated to severe
sensory and motor impairment similar to those seen in PD
patients [40,41]. The most accepted model is probably
attained by the administration of the neurotoxin MPTP. After
administration, MPTP crosses the blood-brain barrier and is
metabolized to 1-methyl-4-phenylpyridinium ion (MPP+),
by monoamine oxidase. Through the action of the DA
transporter, MPP+ is then specifically taken up by dopaminergic
neurons. MPP+ toxicity results from the mitochondrial
inhibition of complex I, which leads to oxidative stress [40].
Other helpful models are attained by injecting 6-OHDA into
the striatum of rats or mice, or by the systemic or
intracerebral administration of rotenone, or paraquat [40]. In
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Fig. (1). Interrelationship between mitochondria and oxidative
stress in PD progression. Mitochondria are the main source of
ROS inside cells. Post-mortem analyses indicated complex I
deficiency in the SN of patients, as well as iron accumulation and
GSH deficiency. ROS are highly reactive molecules that can
interact with several cellular components such as lipids, proteins
and nucleic acids. Accordingly, lipid peroxidation, protein
carbonylation and the presence of 8-hydroxyguanosine were
observed in DAergic neurons of PD patients.

the following sections we will discuss some results obtained
with the use of several antioxidants, whose chemical
structure is represented in Fig. 2.

VITAMIN E

Vitamin E is a lipid-soluble endogenous antioxidant,
which acts as a scavenger of several ROS, including
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hydroxyl and peroxyl radicals, thus inhibiting lipid
peroxidation. The results achieved by supplementing vitamin
E to animal models of PD were often contradictory [42-45].
Nevertheless, clinical trials were carried out in the same way
to evaluate the potential neuroprotective properties of this
molecule providing again controversial results. In a first pilot
open-labeled trial, a combination of ascorbate and a-
tocopherol (a component of vitamin E) was administered to
patients with early PD. The results suggested that the
administration of these antioxidants may slow the
progression of the disease [46]. Furthermore, a large cohort
study demonstrated that dietary intake (from food only) of
vitamin E diminishes risk of PD among both men and
women. However, the same study indicated that the use of
vitamin E supplements did not appear to reduce PD risk [47].
In contrast with these promising data, another study
questioned the results on food intake of vitamin E and its
efficiency in slow down PD progression. Specifically, a
case-control study took into consideration the possible role
against PD onset of long-term dietary antioxidant intake. The
antioxidant intake, adjusted for age, education, smoking,
rural living, and total energy intake, was not associated
with a reduced PD risk [48]. Results of two double-blind,
randomized controlled trials were also disappointing, as
vitamin E did not show beneficial effects in PD. The first
multicenter controlled clinical trial did not reveal any
evidence of benefits of a-tocopherol (2000 IU per day) in
either improving the clinical features of PD or delaying
functional decline [49], while a second one demonstrated
that a-tocopherol did not affect the duration of life in the
early PD patients examined [50].

CoQo is a constituent of the mitochondrial electron
transport chain and participates in ATP production. Three
redox states of CoQjo are known: a fully oxidized, often
called ubiquinone, a semiquinone, and a fully reduced form,
also called ubiquitol. The ability of CoQ; to exist in a
completely reduced or oxidized form enables it to work in
the electron transport chain, and, at the same time, to act as
an antioxidant. Actually, CoQ;o behaves as a free radical
scavenger in the inner mitochondrial membrane [51].
Interestingly, levels of CoQ;o were found significantly lower
in platelet mitochondria from PD patients [52].

Neuroprotective effects of CoQ;o have been shown in
various in vivo models of PD. In mice, CoQ;, protected
against MPTP-induced loss of DAergic neurons [53]. Short-
term oral administration of CoQ;, also prevented DAergic
cell degeneration after MPTP administration in monkeys
[54]. Up to now several clinical trials with CoQ; have been
carried out on PD patients. In a first open label phase-I pilot
study performed on 15 PD patients CoQ;o at doses of 400,
600 and 800 mg/day for 1 month was well tolerated and its
plasma levels significantly increased in a dose-dependent
manner. Nevertheless no significant benefit in Unified
Parkinson’s Disease Rating Scale (UPDRS) score was
observed [55]. More recently a placebo-controlled, double-
blind and dosage-ranging phase II clinical trial of CoQy,
called QE2, has been conducted in 80 early PD patients by
administering placebo, 300, 600 or 1200 mg/day of CoQo
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Fig. (2). Chemical structure of the antioxidant molecules described in the present paper.

for 16 months. In PD subjects who received CoQjy a
statistically significant dose-dependent reduction in UPDRS
score was observed [56]. Two additional clinical trials
contributed to raise the hope of a therapeutic use of CoQ .
First, in a placebo controlled, double-blind trial conducted on
28 PD patients, CoQ, supplementation (360 mg/day) for 4
weeks significantly improved the UPDRS score and the
performance on color visual testing, with no benefit on
motor symptoms [57]. Second, in another open pilot study,
12 patients with idiopathic PD were treated with 1000
mg/day of CoQ;o for a period of 3 months followed by a
period of 3 months at 1500 mg/day. At the end of the study,
although most motor variables tested did not improve
significantly with CoQ,, therapy, the sum score showed a
statistically significant beneficial effect of CoQ;¢ on motor
performance, which was mainly due to the 1500-mg dose
[58]. However, the therapeutic prospective of CoQq is bound
to decline if one considers the results of a large clinical trial
that appeared very recently [59]. QE3 a clinical trial that
followed the QE2 study, was designed to evaluate whether
high dosages of CoQ;¢ could slow functional decline in early
PD. The QE3 study was well powered to detect substantially
smaller therapeutic effects of CoQ; than those seen in the
QE2 study by recruiting a larger number of patients (600
participants), but overall the QE3 protocol closely matched
the QE2 protocol. The QE3 study showed no evidence of a
benefit from high dosages of CoQ, and it failed to confirm
the results of the QE2 study. Moreover, the adverse trend in
the primary outcome measure crossed the futility threshold,
leading to the termination of the study [59].

MITOQUINONE (MitoQ)

The failure of CoQ( as a therapeutic agent against PD
may be rationalized by the scarce ability of the molecule to

permeate into the brain at a sufficient dose to improve
mitochondrial and neuronal function, even at a relatively
early clinical stage of PD [60, 61]. To enhance its therapeutic
potential, a mitochondria-targeted CoQ;, analog, called
MitoQ, has been designed [62]. MitoQ is formed by covalent
binding of the lipophilic triphenylphosphonium (TPP) cation
and the ubiquinone, the active antioxidant moiety of CoQj
[63]. Due to the TPP moiety, MitoQ is able to easily cross
all biological membranes and the blood-brain barrier.
Furthermore, driven by its positive charge and by the large
membrane potential, it accumulates several-hundred fold
within mitochondria [62, 63]. MitoQ resulted protective in
many animal models not related to PD [64-66]. To test
whether it could act as a disease-modifying agent, a clinical
trial was conducted for 1 year on 130 participants with a
daily dose of 40 or 80 mg. While the study demonstrated that
MitoQ can be safely administered to patients for a year, it did
not reduce the progression of the disease [60]. A potential
explanation that has been suggested for the absence of
clinical benefits observed after MitoQ intake is that, by the
time PD is diagnosed, approximately 50% of dopaminergic
neurons and 80% of striatal dopamine levels have already
been lost [67] and the fate of the surviving neurons is already
decided so that neuroprotection cannot avoid their degeneration.

CREATINE

Creatine is a nitrogenous guanidine molecule that occurs
naturally in vertebrates and helps to supply energy to muscle
and nerve cells. Strong evidence suggests that creatine also
possesses antioxidant properties; it can reduce mitochondrial
dysfunction and, in general, it shows neuroprotective
properties in in vivo models of several neurodegenerative
disorders, among which PD (see [68] for a review). For
example, in the MPTP mouse model of PD, creatine
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supplementation decreased dopaminergic neuron degeneration
and dopamine depletion [69]. In addition, in rodent models
of PD, the combination of creatine with CoQ;, generated
additive neuroprotective effects [70]. Different clinical trials
have been performed to evaluate the therapeutic potentiality
of creatine in PD. A pilot 2-year placebo-controlled
randomized clinical trial based on 60 PD patients found that
creatine improved patient mood (a non-motor symptom of
PD), but had no effect on the UPDRS scores [71]. In a
parallel randomized, double-blind, phase II futility clinical
study conducted on 200 patients who were within 5 years of
a PD diagnosis, 10 g daily creatine administration showed
reduced UPDRS scores and was not rejected as futile [72]. In
addition, another double-blind study carried out on a small
number of PD patients (20 persons) demonstrated that
creatine supplementation (20 g/day) can enhance the benefits
of resistance training [73]. In 2007, a phase III clinical trial
was announced by the National Institute of Neurological
Disorders and Stroke [74]. More than 1700 early-stage PD
patients were considered in this large long-term study, which
involved 51 medical centers in the United States and Canada.
Creatine was administered with a dose of 10 g/day.
Regrettably, the study was stopped early for futility based on
results of a planned interim analysis of participants enrolled
at least 5 years prior to the date of the analysis (n=955).
Overall, the results indicate that the intake of creatine for at
least 5 years, do not produce clinical benefits. In conclusion,
these findings do not support the use of creatine in patients
with PD [75].

IRON CHELATORS

The accumulation of iron found in the SN of PD patients
has been the rationale for addressing metal depletion as a
novel therapy concept. As a consequence, numerous iron
chelators have been designed and successfully used in
preclinical studies of PD (see [76] for a review). One of the
most studied molecules, desferrioxamine (DFO) was firstly
described already in the 60’ [77]. In a chronic iron-loaded
mice model, the effects of DFO on striatal iron content,
GSSG/GSH ratio, *OH and dopamine levels were measured
after treatment with MPTP. The results demonstrated that
DFO inhibited the iron accumulation and thus hampered the
increase in GSSG, GSSG/GSH ratios, hydroxyl radical and
lipid peroxidation levels [44]. As one of the pathways
through which 6-OHDA induces dopaminergic neuron
degeneration relies on the metal-catalyzed free radical
formation, the effects of DFO were also investigated on a 6-
OHDA-based rat model. Specifically, intraventricular
injections of DFO were able to partially prevent the decrease
in striatal dopamine levels induced by 6-OHDA [78] and to
restore almost normal behavioral responses, such as
spontaneous movements in a novel environment and rearing,
which resulted altered after 6-OHDA administration [79].
The main concern in relation to a possible therapeutic use of
DFO derives from both its hydrophilic nature and its large
molecular size, which restrict its gastrointestinal absorption
and prevent it from crossing the blood brain barrier [80]. To
overcome this issue, new non-toxic, hydrophobic, blood
brain barrier-permeative iron-chelating molecules were
developed [81]. Among them, the iron chelator VK28 has
been successfully used in 6-OHDA-based model of PD [82].

Filograna et al.

These studies suggest that iron chelation could represent a
valuable therapeutic approach against PD. Accordingly, a
pilot, double-blind, delayed-start placebo-controlled randomized
clinical study was recently set up to assess the safety and the
efficacy of the iron chelator deferiprone (DFP) [83]. DFP
seems to target regional iron accumulation, without
significantly altering normal essential functions that rely on
the physiological presence of iron. In the trial, 40 patients
with early-stage PD randomly received either DFP for 12
months (the early-start, ES group) or placebo for 6 months
followed by DFP for the following 6 months (the delayed-
start, DS group). With the exclusion of three cases, no relevant
side effects were reported throughout the trial. After DFP
treatment, a significant decrease of the magnetic resonance
signal associated to the iron in the SN of both ES and DS
group was observed. Notably, patients in the ES group
showed a significantly higher motor performance at both 6
and 12 months in comparison to patients in the DS group.
These latter ones showed a significant motor performance
impairment during the first 6 months and only during the
next 6 months of treatment with DFP they showed a relative
improvement [83]. The results of this clinical trial indicate
that a moderate regimen of iron chelators, that avoids
changes in systemic iron levels, could represent a novel
therapeutic strategy against PD.

PPARy COACTIVATOR-1a (PGC-1a)

Considering the central role that mitochondria play in
cellular ROS production and the existing link between
mitochondria dysfunction and PD, an enhancement of the
number of mitochondria in neurons has been postulated to be
able to compensate for bioenergetic defects observed in PD
pathology. In this frame, the PGC-1a protein has emerged as a
master regulator of mitochondrial biogenesis and respiration
[84, 85] and for this reason it has been considered to be a
potential therapeutic target for early intervention. Interestingly,
PGC-1a has also been shown to take part to an homeostatic
cycle that controls ROS accumulation [86]. Indeed, the
induction of many antioxidant enzymes by an oxidative
stressor involves PGC-1o, which, in turn, is powerfully
induced by ROS. Importantly, the induction of antioxidant
proteins by PGC-1la is not limited to mitochondria, but it
also includes enzymes which are substantially found in the
cytosol or peroxisomes, such as glutathione peroxidase 1,
catalase, and SOD1 [86].

A genome-wide meta-analysis revealed that many genes
controlling cellular bioenergetics, expressed under the control
of PGC-1a, were underexpressed in PD patients [87].
Accordingly, while PGC-1a knockout mice resulted more
susceptible to MPTP-induced neurodegeneration [86],
transgenic mice overexpressing PGC-la in dopaminergic
neurons were more resistant against MPTP-induced cell loss
[88]. PGC-1a expression is activated by specific compounds
[89] and a large body of evidence suggests that PGC-1la
agonists could improve some of the pathological features of
PD. For example, the PGC-1a activator resveratrol, a natural
polyphenolic compound found in a wide variety of plants,
has been described to induce the expression of genes involved
in mitochondrial biogenesis, oxidative phosphorylation and
endogenous antioxidant defense [90-92]. Although the
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effects of resveratrol in PD are uncertain, it seems to protect
against different cytotoxic neurotoxins such as MPTP [88,
93-95] and 6-OHDA [96-98]. Another PGC-la agonist,
pioglitazone, has been demonstrated to protect against
bradykinesia, depressive-like behavior, learning and memory
impairment, and dopaminergic neuron loss in a MPTP-based
rat model of PD [99]. Furthermore, pioglitazone has been
shown to significantly reverse the reduction of locomotor
activity in rats treated with rotenone [100]. It also
significantly reversed the reduced striatal dopamine level
[100]. Pioglitazone is a drug already used in the treatment of
diabetes and considering its already tested safety, it could
easily be the object of clinical trials to test its efficacy
against PD progression. Actually, a trial of pioglitazone in
early Parkinson's disease has been completed and results
should appear in a short time (ClinicalTrials.gov identifier
NCTO01280123).

MELATONIN

While most of the clinical trials so far performed with
antioxidants did not reach the expected results, with some
exception, some new drugs have been described possessing
very interesting properties that might be exploited in the
context of PD therapy. Among them melatonin is probably
the most promising molecule.

In mammals, melatonin is produced in the pineal gland,
from where it is directly released into the cerebrospinal fluid
of the brain's third ventricle. Then melatonin readily diffuses
into the surrounding neural tissue [101]. Actually, because of
its amphiphilicity, melatonin readily passes across all
morphophysiological barriers (such as the blood-brain
barrier) and diffuses to all cells compartment or body fluid.
Interestingly, a decreased expression of melatonin receptors
has been observed in the human amygdala and SN of
patients with PD in comparison to normal subjects [102].
Melatonin has been described to possess relevant antioxidant
properties, in vivo. In several MPTP-based mouse models of
PD, melatonin administration was found to prevent neuronal
degeneration in the nigrostriatal pathway [103] by
counteracting MPTP-induced oxidative and nitrative stress,
[104-106]. The neuroprotective action of melatonin has been
also demonstrated in a 6-OHDA animal model of PD [107].
In addition, rats and mice treated with paraquat (or paraquat
and maneb), known to promote free radicals production,
showed a significant reduction in the oxidative damage when
concomitantly treated with melatonin [108, 109]. Finally, the
administration of melatonin attenuated the rotenone-induced
GSH depletion and increased the activity of the antioxidant
enzymes superoxide dismutase and catalase in the
nigrostriatal pathway [110]. However, it is worth mentioning
that contradictory results have been also reported. For
instance, two studies indicated that the administration of
melatonin was ineffective, in mice, in protecting nigral
dopaminergic neurons from MPTP-induced toxicity [111,
112].

Although at high concentration a direct role of melatonin
in radical scavenging has been shown under numerous
experimental conditions, its relevance at physiological levels
should be questioned for stoichiometry reasons. Nonetheless,

Current Neuropharmacology, 2016, Vol. 14, No. 3 265

its antioxidant activity is not limited to free radicals
scavenging, but also involves other indirect mechanisms,
including the stimulation of the expression of several
antioxidant enzymes and the down-regulation of pro-oxidant
enzymes. For example, melatonin has been indicated to
induce the expression of y-glutamylcysteine synthetase, the
rate-limiting enzyme of GSH synthesis [113], and of both
glutathione reductase and glutathione peroxidase, which are
involved in the recycling of GSH to maintain a high
GSH/GSSG ratio [114]. It has also be shown that melatonin
administration augmented the mRNA levels of both SODI,
SOD2 and catalase while it significantly decreases the
mRNA of nitric oxide synthases [115, 116].

Because of its amphiphilic feature, differently from other
free radical scavengers that are either hydrophilic or
lipophilic, melatonin can limit oxidative damage in both the
lipid and aqueous phases of cells. In fact, the neuroprotective
activity of melatonin could be also related to its ability to
accumulate at the mitochondrial level due to its lipophilicity.
Consistent with this hypothesis, a several studies have
indicated that melatonin participates in regulating
mitochondrial homeostasis. Safeguarding of respiratory
electron flux, reduction of oxidant formation by lowering
electron leakage and inhibition of the opening of the
mitochondrial permeability transition pore are among the
most important effects of melatonin in mitochondria. (see
[117] for a review).

In spite of the numerous studies carried out on animal
models, only a few clinical trials have been performed to
assess therapeutic potential of melatonin in PD patients and
they were mostly focused on sleep disorders associated to
PD pathology. In a multi-site double-blind placebo-
controlled cross-over trial based on 40 PD patients melatonin
was administered during a 2 week treatment, in doses
ranging from 5 to 50 mg/day. Even though the treatment
with the highest melatonin concentration significantly
increased actigraphically measured total sleep time, the
authors suggested that the small improvement observed may
not be clinically significant. However, they also found a
significant improvement in subjective sleep disturbance and
suggested that these modest effects may be clinically
relevant in this patient population. The study also found that
50 mg/day of melatonin were well tolerated [118]. In another
randomized, double blind, placebo-controlled study, 18
patients were treated with 3 mg of melatonin, or placebo, for
4 weeks. Melatonin was found to significantly improve
subjective quality of sleep, but no benefit was observed in
motor performance [119]. A double-blind, placebo-controlled,
crossover study performed on 22 patients suffering from
tardive dyskinesia, a dysfunction where oxidative stress-
induced toxicity in the nigrostriatal pathway seems to be
implicated, showed the efficacy of 10 mg/day of melatonin
administered for 6 weeks [120]. Two considerations can be
emerging from the clinical trials mentioned above. First,
melatonin is safe and well-tolerated in humans. In this
respect, in a group of 31 patients with amyotrophic lateral
sclerosis, chronic high-dose (300 mg/day) rectal melatonin
was well tolerated during an observation period of up to 2
years [121]. Second, the small size of the clinical trials
conducted until now does not allow to achieve any
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conclusion on the therapeutic potential of melatonin,
pointing out the need to design and perform a large scale
study. It is worth mentioning here that this latter aspect is
critical, because very often initially reported significant
effects were not reproduced in large scale trials, so that high
skepticism toward the therapeutic use of melatonin in PD
would be retained.

CONCLUSION

From the data discussed in the present review, it appears
that the effects described in clinical trials with antioxidants
are often modest and many antioxidants, such as vitamin E,
creatine, coenzyme Qo and mitoquinone, which were
effective in animal models of PD, did not show significant
effects on the evolution of the disease in humans.

Several issues have to be considered in the attempt to
rationalize these substantially negative results. First, even
though a multiplicity of animal models exists, none of them
fully recapitulate the clinical and behavioral phenotypes
associated to PD. The MPTP-based model appears to
produce an irreversible and severe parkinsonian syndrome,
characterized by many of the cardinal features of PD, and it
has been the most used in pre-clinical studies. Nevertheless,
it is far from being a perfect model. For example, Lewy
bodies, which represent one of the hallmarks of the disease,
have not been convincingly observed in MPTP-induced
models [40]. Moreover, all regimens of MPTP intoxication,
even when attained through a number of low dose injections,
induce a unique or recurrent acute insult, very different from
the clinical progression of PD [40].

Another potential explanation, recently suggested [122]
is that antioxidants are often uniformly dispersed throughout
the entire body or cell, while the oxidative damage may be
restricted to specific brain regions and cell types, such as
dopaminergic neurons in the SN, or organelles, such as
mitochondria. Therefore, the local concentration of antioxidants
may be inadequate to cope with specific hotspots of
oxidative damage. This is the reason why the therapeutic
potential of antioxidant molecules specifically directed
inside mitochondria was tested, with great expectations, but,
once again, without positive results. In this case it has been
suggested that mitochondrial oxidative damage could not
be the primary cause of neurodegeneration, being most
probably a consequence of other pathological processes [60].

Another issue related to the massive oxygen consumption
of neuronal cells and to the corresponding huge amount of
anti-oxidant systems, is the very pronounced generation of
reducing equivalents in neurons when compared to other
sites in the body. This implies that what could be a
pharmacologically induced significant increase of the anti-
oxidant activity in the body might result in a trivial
enhancement in the brain. Moreover, an open issue related to
the previous one, is the lack of a demonstrated “target
engagement” (an effect that indicates that the tested
molecule is having the expected pharmacology for its target).
This derives both for the lack of a unique or robust target of
ROS and, more so, for the lack of an accepted ROS-based
neurodegenerative mechanism to monitor in order to
quantify the effectiveness of the tested molecule.
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An additional convincing hypothesis implies that most
neurons have already been lost by the time PD is diagnosed
and likely the fate of the remaining neurons is already
determined and neuroprotection cannot prevent their death
[67]. Another potential limitation to the development of
antioxidants relies on the fact that, in spite of the deleterious
effects of free radicals on cellular components, increasing
evidence supports that they are also involved in maintaining
homeostasis and cell signaling [123]. Actually, oxidants can
act as an additional class of small molecules that function as
cellular messenger regulating cell proliferation, cell death
(either apoptosis or necrosis), gene expression and metabolic
response [123]. Additionally, it has been observed that ROS
signaling is required for the normal regulation of autophagy
[124]. Consequently, the indiscriminate use of an antioxidant
could do more harm than good by disrupting essential
signaling processes. Accordingly, it has been demonstrated
that many antioxidants inhibit basal and induced levels of
autophagy [125], a process that seems to be protective in PD
[126].

In spite of the aforementioned aspects that could explain
the modest results attained by the use of antioxidants against
PD, it is worth mentioning that some molecules showed very
promising results. This is the case of the iron chelator DFP.
This suggests that molecules directed toward a specific
pathway may offer a better protection in comparison to non
selective systemic antioxidant molecules. Moreover, the
results of some clinical trials involving antioxidants, such as
pioglitazone, are still waited before a conclusion could be
made. Finally, other molecules, such as melatonin, showed
encouraging properties and, in light of their already
demonstrated safety, they should be considered in clinical
trials.

CONFLICT OF INTEREST

The authors confirm that this article content has no
conflict of interest.

ACKNOWLEDGEMENTS

This work was supported by grants obtained from the
University of Padova (PRAT2010-CPDA103503; PRAT2012-
124045) and the Italian Ministry of Education, University
and Research (PRIN2010-M2JARJ).

REFERENCES

[1] Iversen, S.D.; Iversen, L.L. Dopamine: 50 years in perspective.
Trends Neurosci., 2007, 30(5), 188-193. http://dx.doi.org/10.1016/
j-tins.2007.03.002

[2] Poewe, W. Non-motor symptoms in Parkinson's disease. Eur. J.
Neurol., 2008, 15 Suppl 1, 14-20. http://dx.doi.org/10.1111/j.1468-
1331.2008.02056.x

[3] Henchcliffe, C.; Beal, M.F. Mitochondrial biology and oxidative
stress in Parkinson disease pathogenesis. Nat. Clin. Pract. Neurol.,
2008, 4(11), 600-609. http://dx.doi.org/10.1038/ncpneuro0924

[4] Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M. T. D.; Mazur, M.;
Telser, J. Free radicals and antioxidants in normal physiological
functions and human disease. Int. J. Biochem. cell Biol., 2007,
39(1), 44-84. http://dx.doi.org/10.1016/j.biocel.2006.07.001

[5] Murphy, M. P. How mitochondria produce reactive oxygen species.
Biochem. J., 2009, 417(1), 1-13. http://dx.doi.org/10.1042/
BJ20081386



Anti-Oxidants in Parkinson’s Disease Therapy: A Critical Point of View

(6]

[11]

[13]

[14]

[16]

[17]

[18]

[19]

Dexter, D.T.; Carter, C.J.; Wells, F.R.; Javoy-Agid, F.; Agid, Y.;
Lees, A.; Jenner, P.; Marsden, C.D. Basal lipid peroxidation in
substantia nigra is increased in Parkinson's disease. J. Neurochem.,
1989, 52(2), 381-389. http://dx.doi.org/10.1111/j.1471-4159.1989.
tb09133.x

Yoritaka, A.; Hattori, N.; Uchida, K.; Tanaka, M.; Stadtman, E.R.;
Mizuno, Y. Immunohistochemical detection of 4-hydroxynonenal
protein adducts in Parkinson disease. Proc. Natl. Acad. Sci. U.S.A.,
1996, 93(7), 2696-2701. http://dx.doi.org/10.1073/pnas.93.7.2696
Zhang, J.; Perry, G.; Smith, M.A.; Robertson, D.; Olson, S.J.;
Graham, D.G.; Montine, T.J. Parkinson's disease is associated with
oxidative damage to cytoplasmic DNA and RNA in substantia
nigra neurons. Am. J. Pathol., 1999, 154(5), 1423-1429. http://dx.
doi.org/10.1016/S0002-9440(10)65396-5

Floor, E.; Wetzel, M.G. Increased protein oxidation in human
substantia nigra pars compacta in comparison with basal ganglia and
prefrontal cortex measured with an improved dinitrophenylhydrazine
assay. J. Neurochem., 1998, 70(1), 268-275. http://dx.doi.org/
10.1046/j.1471-4159.1998.70010268.x

Alam, Z.1.; Daniel, S.E.; Lees, A.J.; Marsden, D.C.; Jenner, P.;
Halliwell, B.A generalised increase in protein carbonyls in the
brain in Parkinson's but not incidental Lewy body disease. J.
Neurochem., 1997, 69(3), 1326-1329. http://dx.doi.org/10.1046/
j.1471-4159.1997.69031326.x

Hirsch, E. C.; Brandel, J. P.; Galle, P.; Javoy-Agid, F.; Agid, Y.
Iron and aluminum increase in the substantia nigra of patients with
Parkinson's disease: an X-ray microanalysis. J. Neurochem., 1991,
56(2),446-451. http://dx.doi.org/10.1111/j.1471-4159.1991.tb08170.x
Dexter, D.T.; Wells, F.R.; Lees, A.J.; Agid, F.; Agid, Y.; Jenner,
P.; Marsden, C.D. Increased nigral iron content and alterations in
other metal ions occurring in brain in Parkinson's disease. J.
Neurochem., 1989, 52(6), 1830-1836. http://dx.doi.org/10.1111/
j-1471-4159.1989.tb07264.x

Sofic, E.; Riederer, P.; Heinsen, H.; Beckmann, H.; Reynolds, G.
P.; Hebenstreit, G.; Youdim, M. B. Increased iron (III) and total
iron content in post mortem substantia nigra of parkinsonian
brain. J. Neural. Transm., 1988, 74(3), 199-205. http://dx.doi.org/
10.1007/BF01244786

Jellinger, K.; Kienzl, E.; Rumpelmair, G.; Riederer, P.;
Stachelberger, H.; Ben-Shachar, D.; Youdim, M. B. Iron-melanin
complex in substantia nigra of parkinsonian brains: an x-ray
microanalysis. J. Neurochem., 1992, 59(3), 1168-1171. http://dx.
doi.org/10.1111/j.1471-4159.1992.tb08362.x

Bharath, S.; Hsu, M.; Kaur, D.; Rajagopalan, S.; Andersen, J.K.
Glutathione, iron and Parkinson's disease. Biochem. Pharmacol.,
2002, 64(5-6), 1037-1048. http://dx.doi.org/10.1016/S0006-
2952(02)01174-7

Jellinger, K.; Linert, L.; Kienzl, E.; Herlinger, E.; Youdim, M.B.
Chemical evidence for 6-hydroxydopamine to be an endogenous
toxic factor in the pathogenesis of Parkinson's disease. J. Neural.
Transm. Suppl., 1995, 46, 297-314.

Linert, W.; Herlinger, E.; Jameson, R.F.; Kienzl, E.; Jellinger, K.;
Youdim, M.B. Dopamine, 6-hydroxydopamine, iron, and
dioxygen--their mutual interactions and possible implication in the
development of Parkinson's disease. Biochim. Biophys. Acta, 1996,
1316(3), 160-168. http://dx.doi.org/10.1016/0925-4439(96)00020-8
Lan, J.; Jiang, D.H. Excessive iron accumulation in the brain: a
possible potential risk of neurodegeneration in Parkinson's disease.
J. Neural. Transm., 1997, 104(6-7), 649-660. http://dx.doi.org/10.
1007/BF01291883

Dringen, R.; Gutterer, J.M.; Hirrlinger, J. Glutathione metabolism
in brain metabolic interaction between astrocytes and neurons in
the defense against reactive oxygen species. Eur. J. Biochem.,
2000, 267(16), 4912-4916. http://dx.doi.org/10.1046/j.1432-1327.
2000.01597.x

Sohal, R.S.; Weindruch, R. Oxidative stress, caloric restriction, and
aging. Science, 1996, 273(5271), 59-63. http://dx.doi.org/10.1126/
science.273.5271.59

Kang, Y.; Viswanath, V.; Jha, N.; Qiao, X.; Mo, J.Q.; Andersen,
JK. Brain gamma-glutamyl cysteine synthetase (GCS) mRNA
expression patterns correlate with regional-specific enzyme
activities and glutathione levels. J. Neurosci. Res., 1999, 58(3),

[22]

[24]

[25]

[27]

(28]

[29]

[30]

[32]

[34]

[35]

Current Neuropharmacology, 2016, Vol. 14, No. 3 267

436-441. http://dx.doi.org/10.1002/(SICI)1097-4547(19991101)
58:3%3C436::AID-JNR9%3E3.0.CO;2-B

Riederer, P.; Sofic, E.; Rausch, W.D.; Schmidt, B.; Reynolds, G.P.;
Jellinger, K.; Youdim, M.B. Transition metals, ferritin, glutathione,
and ascorbic acid in parkinsonian brains. J. Neurochem., 1989,
52(2), 515-520. http://dx.doi.org/10.1111/j.1471-4159.1989.tb09150.x
Jenner, P.; Dexter, D.T.; Sian, J.; Schapira, A.H.; Marsden, C.D.
Oxidative stress as a cause of nigral cell death in Parkinson's
disease and incidental Lewy body disease. The Royal Kings and
Queens Parkinson's Disease Research Group. Ann. Neurol., 1992,
32 Suppl, S82-87. http://dx.doi.org/10.1002/ana.410320714
Spencer, J.P.; Jenner, P.; Halliwell, B. Superoxide-dependent
depletion of reduced glutathione by L-DOPA and dopamine.
Relevance to Parkinson's disease. Neuroreport, 1995, 6(11), 1480-
1484. http://dx.doi.org/10.1097/00001756-199507310-00004
Schapira, A.H.; Cooper, J.M.; Dexter, D.; Clark, J.B.; Jenner, P.;
Marsden, C.D. Mitochondrial complex I deficiency in Parkinson's
disease. J. Neurochem., 1990, 54(3), 823-827. http://dx.doi.org/
10.1111/.1471-4159.1990.tb02325.x

Schapira, A.H.; Cooper, J.M.; Dexter, D.; Jenner, P.; Clark, J.B.;
Marsden, C.D. Mitochondrial complex I deficiency in Parkinson's
disease. Lancet, 1989, 1(8649), 1269. http://dx.doi.org/10.1016/
S0140-6736(89)92366-0

Owen, A.D.; Schapira, A.H.; Jenner, P.; Marsden, C.D. Oxidative
stress and Parkinson's disease. Ann. N.Y. Acad. Sci., 1996, 786,
217-223. http://dx.doi.org/10.1111/j.1749-6632.1996.tb39064.x
Schapira, A.H. Oxidative stress in Parkinson's disease. Neuropathol
Appl Neurobiol., 1995, 21(1), 3-9. http://dx.doi.org/10.1111/j.1365-
2990.1995.tb01022.x

Kitada, T.; Asakawa, S.; Hattori, N.; Matsumine, H.; Yamamura,
Y.; Minoshima, S.; Yokochi, M.; Mizuno, Y.; Shimizu, N.
Mutations in the parkin gene cause autosomal recessive juvenile
parkinsonism. Nature, 1998, 392(6676), 605-608. http://dx.doi.org/
10.1038/33416

Bonifati, V.; Rizzu, P.; van Baren, M.J.; Schaap, O.; Breedveld,
G.J.; Krieger, E.; Dekker, M.C.; Squitieri, F.; Ibanez, P.; Joosse,
M.; van Dongen, J.W.; Vanacore, N.; van Swieten, J.C.; Brice, A.;
Meco, G.; van Duijn, C.M.; Oostra, B.A.; Heutink, P. Mutations in
the DJ-1 gene associated with autosomal recessive early-onset
parkinsonism. Science, 2003, 299(5604), 256-259. http://dx.doi.
org/10.1126/science.1077209

Valente, EM.; Salvi, S.; Ialongo, T.; Marongiu, R.; Elia, A.E.;
Caputo, V.; Romito, L.; Albanese, A.; Dallapiccola, B.; Bentivoglio,
A. R. PINKI mutations are associated with sporadic early-onset
parkinsonism. Ann. Neurol., 2004, 56(3), 336-341. http://dx.doi.
org/10.1002/ana.20256

Di Fonzo, A.; Dekker, M.C.; Montagna, P.; Baruzzi, A.; Yonova,
E.H.; Correia Guedes, L.; Szczerbinska, A.; Zhao, T.; Dubbel-
Hulsman, L.O.; Wouters, C.H.; de Graaff, E.; Oyen, W.J.; Simons,
E.J.; Breedveld, G.J.; Oostra, B.A.; Horstink, M.W.; Bonifati, V.
FBXO7 mutations cause autosomal recessive, early-onset
parkinsonian-pyramidal syndrome. Neurology, 2009, 72(3), 240-
245. http://dx.doi.org/10.1212/01.wnl.0000338144.10967.2b
Exner, N.; Treske, B.; Paquet, D.; Holmstrom, K.; Schiesling, C.;
Gispert, S.; Carballo-Carbajal, 1.; Berg, D.; Hoepken, H.H.; Gasser,
T.; Kruger, R.; Winklhofer, K.F.; Vogel, F.; Reichert, A.S.;
Auburger, G.; Kahle, P.J.; Schmid, B.; Haass, C. Loss-of-function
of human PINKI1 results in mitochondrial pathology and can be
rescued by parkin. J. Neurosci., 2007, 27(45), 12413-12418.
http://dx.doi.org/10.1523/INEUROSCI.0719-07.2007

Bueler, H. Mitochondrial dynamics, cell death and the pathogenesis
of Parkinson's disease. Apoptosis, 2010, 15(11), 1336-1353.
http://dx.doi.org/10.1007/s10495-010-0465-0

Pogson, J.H.; Ivatt, R.M.; Whitworth, A.J. Molecular mechanisms
of PINK1-related neurodegeneration. Curr. Neurol. Neurosci. Rep.
2011, 71(3), 283-290. http://dx.doi.org/10.1007/s11910-011-0187-
X

Burchell, V.S.; Nelson, D.E.; Sanchez-Martinez, A.; Delgado-
Camprubi, M.; Ivatt, R M.; Pogson, J.H.; Randle, S.J.; Wray, S.;
Lewis, P.A.; Houlden, H.; Abramov, A.Y.; Hardy, J.; Wood, N.W_;
Whitworth, A.J.; Laman, H.; Plun-Favreau, H. The Parkinson's
disease-linked proteins Fbxo7 and Parkin interact to mediate



268

[37]

[43]

[45]

[46]

[47]

(48]

[51]

[52]

[53]

[54]

Current Neuropharmacology, 2016, Vol. 14, No. 3

mitophagy. Nat. Neurosci., 2013, 16(9), 1257-1265. http://dx.doi.
org/10.1038/nn.3489

Cookson, M.R. Parkinsonism due to mutations in PINKI, parkin,
and DJ-1 and oxidative stress and mitochondrial pathways. Cold
Spring Harb. Perspect. Med., 2012, 2(9), a009415. http://dx.doi.
org/10.1101/cshperspect.a009415

Thomas, K.J.; McCoy, M.K.; Blackinton, J.; Beilina, A.; van der
Brug, M.; Sandebring, A.; Miller, D.; Maric, D.; Cedazo-Minguez,
A.; Cookson, M.R. DJ-1 acts in parallel to the PINKI1/parkin
pathway to control mitochondrial function and autophagy.
Hum. Mol. Genet., 2011, 20(1), 40-50. http://dx.doi.org/10.1093/
hmg/ddq430

Bove, J.; Perier, C. Neurotoxin-based models of Parkinson's
disease. Neuroscience, 2012, 211, 51-76. http://dx.doi.org/10.1016/
j-neuroscience.2011.10.057

Bove, J.; Prou, D.; Perier, C.; Przedborski, S. Toxin-induced
models of Parkinson's disease. NeuroRx., 2005, 2(3), 484-494.
http://dx.doi.org/10.1602/neurorx.2.3.484

Terzioglu, M.; Galter, D. Parkinson's disease: genetic versus toxin-
induced rodent models. FEBS J.,, 2008, 275(7), 1384-1391.
http://dx.doi.org/10.1111/j.1742-4658.2008.06302.x

Gong, L.; Daigneault, E.A.; Acuff, R.V.; Kostrzewa, R.M. Vitamin
E supplements fail to protect mice from acute MPTP neurotoxicity.
Neuroreport., 1991, 2(9), 544-546. http://dx.doi.org/10.1097/
00001756-199109000-00012

Martinovits, G.; Melamed, E.; Cohen, O.; Rosenthal, J.; Uzzan, A.
Systemic administration of antioxidants does not protect mice
against the dopaminergic neurotoxicity of 1-methyl-4-phenyl-
1,2,5,6-tetrahydropyridine (MPTP). Neurosci. Lett., 1986, 69(2),
192-197. http://dx.doi.org/10.1016/0304-3940(86)90602-6

Lan, J.; Jiang, D.H. Desferrioxamine and vitamin E protect against
iron and MPTP-induced neurodegeneration in mice. J. Neural.
Transm., 1997, 104(4-5), 469-481. http://dx.doi.org/10.1007/
BF01277665

Roghani, M.; Behzadi, G. Neuroprotective effect of vitamin E on
the early model of Parkinson's disease in rat: behavioral and
histochemical evidence. Brain Res., 2001, 892(1), 211-217.
http://dx.doi.org/10.1016/S0006-8993(00)03296-0

Fahn, S. A pilot trial of high-dose alpha-tocopherol and ascorbate
in early Parkinson's disease. Ann. Neurol., 1992, 32 Suppl, S128-
32. http://dx.doi.org/10.1002/ana.410320722

Zhang, S.M.; Hernan, M.A.; Chen, H.; Spiegelman, D.; Willett,
W.C.; Ascherio, A. Intakes of vitamins E and C, carotenoids,
vitamin supplements, and PD risk. Neurology, 2002, 59(8), 1161-
1169. http://dx.doi.org/10.1212/01.WNL.0000028688.75881.12
Scheider, W.L.; Hershey, L.A.; Vena, J.E.; Holmlund, T.; Marshall,
J.R.; Freudenheim. Dietary antioxidants and other dietary factors in
the etiology of Parkinson's disease. Mov. Disord., 1997, 12(2), 190-
196. http://dx.doi.org/10.1002/mds.870120209

Effects of tocopherol and deprenyl on the progression of disability
in early Parkinson's disease. N. Engl. J. Med., 1993, 328(3), 176~
183. http://dx.doi.org/10.1056/NEJM199301213280305

Mortality in DATATOP: a multicenter trial in early Parkinson's
disease. Parkinson Study Group. Ann. Neurol., 1998, 43(3), 318-
325. http://dx.doi.org/10.1002/ana.410430309

Bentinger, M.; Tekle, M.; Dallner, G. Coenzyme Q--biosynthesis
and functions. Biochem. Biophys. Res. Commun., 2010, 396(1), 74-
79. http://dx.doi.org/10.1016/j.bbrc.2010.02.147

Shults, C.W.; Haas, R.H.; Passov, D.; Beal, M.F. Coenzyme Q10
levels correlate with the activities of complexes I and II/III in
mitochondria from parkinsonian and nonparkinsonian subjects.
Ann. Neurol., 1997, 42(2), 261-264. http://dx.doi.org/10.1002/ana.
410420221

Beal, M.F.; Matthews, R.T.; Tieleman, A.; Shults, C.W. Coenzyme
Q10 attenuates the I1-methyl-4-phenyl-1,2,3 tetrahydropyridine
(MPTP) induced loss of striatal dopamine and dopaminergic axons
in aged mice. Brain Res., 1998, 783(1), 109-114. http://dx.doi.org/
10.1016/S0006-8993(97)01192-X

Horvath, T.L.; Diano, S.; Leranth, C.; Garcia-Segura, L.M.;
Cowley, M.A.; Shanabrough, M.; Elsworth, J.D.; Sotonyi, P.; Roth,
R.H.; Dietrich, E.H.; Matthews, R.T.; Barnstable, C.J.; Redmond,
D.E., Jr. Coenzyme Q induces nigral mitochondrial uncoupling and

[55]

[57]

[59]

[60]

[63]

Filograna et al.

prevents dopamine cell loss in a primate model of Parkinson's
disease. Endocrinology, 2003, 144(7), 2757-2760. http://dx.doi.org/
10.1210/en.2003-0163

Shults, C.W.; Beal, M.F.; Fontaine, D.; Nakano, K.; Haas, R.H.
Absorption, tolerability, and effects on mitochondrial activity of
oral coenzyme Q10 in parkinsonian patients. Neurology, 1998,
50(3), 793-795. http://dx.doi.org/10.1212/WNL.50.3.793

Shults, C.W.; Oakes, D.; Kieburtz, K.; Beal, M.F.; Haas, R
Plumb, S.; Juncos, J.L.; Nutt, J.; Shoulson, I.; Carter, J.; Kompoliti,
K.; Perlmutter, J.S.; Reich, S.; Stern, M.; Watts, R.L.; Kurlan, R.;
Molho, E.; Harrison, M.; Lew, M. Effects of coenzyme Q10 in
early Parkinson disease: evidence of slowing of the functional
decline. Arch. Neurol., 2002, 59(10), 1541-1550. http://dx.doi.org/
10.1001/archneur.59.10.1541

Muller, T.; Buttner, T.; Gholipour, A.F.; Kuhn, W. Coenzyme Q10
supplementation provides mild symptomatic benefit in patients
with Parkinson's disease. Neurosci. Lett., 2003, 341(3), 201-204.
http://dx.doi.org/10.1016/S0304-3940(03)00185-X

Horstink, M.W.; van Engelen, B.G. The effect of coenzyme Q10
therapy in Parkinson disease could be symptomatic. Arch. Neurol.,
2003, 60(8), 1170-1172; author reply 1172-1173. http://dx.doi.org/
10.1001/archneur.60.8.1170-b

Beal, M.F.; Oakes, D.; Shoulson, I.; Henchcliffe, C.; Galpern,
W.R.; Haas, R.; Juncos, J.L.; Nutt, J.G.; Voss, T.S.; Ravina, B.;
Shults, C.M.; Helles, K.; Snively, V.; Lew, M.F.; Griebner, B.;
Watts, A.; Gao, S.; Pourcher, E.; Bond, L.; Kompoliti, K.;
Agarwal, P.; Sia, C.; Jog, M.; Cole, L.; Sultana, M.; Kurlan, R.;
Richard, 1.; Deeley, C.; Waters, C.H.; Figueroa, A.; Arkun, A
Brodsky, M.; Ondo, W. G.; Hunter, C.B.; Jimenez-Shahed, J.;
Palao, A.; Miyasaki, J. M.; So, J.; Tetrud, J.; Reys, L.; Smith, K.;
Singer, C.; Blenke, A.; Russell, D.S.; Cotto, C.; Friedman, J.H.;
Lannon, M.; Zhang, L.; Drasby, E.; Kumar, R.; Subramanian, T.;
Ford, D.S.; Grimes, D.A.; Cote, D.; Conway, J.; Siderowf, A.D.;
Evatt, M.L.; Sommerfeld, B.; Lieberman, A.N.; Okun, M.S.;
Rodriguez, R.L.; Merritt, S.; Swartz, C.L.; Martin, W.R.; King, P.;
Stover, N.; Guthrie, S.; Watts, R.L.; Ahmed, A.; Fernandez, H.H.;
Winters, A.; Mari, Z.; Dawson, T.M.; Dunlop, B.; Feigin, A.S.;
Shannon, B.; Nirenberg, M.J.; Ogg, M.; Ellias, S.A.; Thomas, C.A.;
Frei, K.; Bodis-Wollner, I.; Glazman, S.; Mayer, T.; Hauser, R.A.;
Pahwa, R.; Langhammer, A.; Ranawaya, R.; Derwent, L.; Sethi, K.
D.; Farrow, B.; Prakash, R.; Litvan, 1.; Robinson, A.; Sahay, A.;
Gartner, M.; Hinson, V.K.; Markind, S.; Pelikan, M.; Perlmutter,
J.S.; Hartlein, J.; Molho, E.; Evans, S.; Adler, C.H.; Duffy, A.;
Lind, M.; Elmer, L.; Davis, K.; Spears, J.; Wilson, S.; Lechey,
M.A.; Hermanowicz, N.; Niswonger, S.; Shill, H.A.; Obradov, S.;
Rajput, A.; Cowper, M.; Lessig, S.; Song, D.; Fontaine, D.;
Zadikoff, C.; Williams, K.; Blindauer, K.A.; Bergholte, J.;
Propsom, C.S.; Stacy, M.A.; Field, J.; Mihaila, D.; Chilton, M.; Uc,
E.Y.; Sieren, J.; Simon, D.K.; Kraics, L.; Silver, A.; Boyd, J.T.;
Hamill, R. W.; Ingvoldstad, C.; Young, J.; Thomas, K.; Kostyk,
S.K.; Wojcieszek, J.; Pfeiffer, R.F.; Panisset, M.; Beland, M.;
Reich, S.G.; Cines, M.; Zappala, N.; Rivest, J.; Zweig, R.; Lumina,
L.P.; Hilliard, C.L.; Grill, S.; Kellermann, M.; Tuite, P.; Rolandelli,
S.; Kang, UJ.; Rao, J.; Cook, M.M.; Severt, L.; Boyar, K. A
randomized clinical trial of high-dosage coenzyme Q10 in early
Parkinson disease: no evidence of benefit. JAMA Neurol., 2014,
71(5), 543-552. http://dx.doi.org/10.1001/jamaneurol.2014.131
Snow, B.J.; Rolfe, F.L.; Lockhart, M.M.; Frampton, C.M.;
O'Sullivan, J.D.; Fung, V.; Smith, R.A.; Murphy, M.P.; Taylor,
KM. A double-blind, placebo-controlled study to assess the
mitochondria-targeted antioxidant MitoQ as a disease-modifying
therapy in Parkinson's disease. Mov. Disord., 2010, 25(11), 1670-
1674. http://dx.doi.org/10.1002/mds.23148

Smith, R.A.; Murphy, M.P. Mitochondria-targeted antioxidants as
therapies. Discov. Med., 2011, 11(57), 106-114.

Murphy, M.P.; Smith, R.A. Targeting antioxidants to mitochondria
by conjugation to lipophilic cations. Annu. Rev. Pharmacol.
Toxicol., 2007, 47, 629-656. http://dx.doi.org/10.1146/annurev.
pharmtox.47.120505.105110

Kelso, G.F.; Porteous, C.M.; Coulter, C.V.; Hughes, G.; Porteous,
W.XK.; Ledgerwood, E.C.; Smith, R.A.; Murphy, M.P. Selective
targeting of a redox-active ubiquinone to mitochondria within cells:



Anti-Oxidants in Parkinson’s Disease Therapy: A Critical Point of View

[64]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

antioxidant and antiapoptotic properties. J. Biol. Chem., 2001,
276(7), 4588-4596. http://dx.doi.org/10.1074/jbc.M009093200
Adlam, V.J.; Harrison, J.C.; Porteous, C.M.; James, A.M.; Smith,
R.A.; Murphy, M.P.; Sammut, [.A. Targeting an antioxidant to
mitochondria decreases cardiac ischemia-reperfusion injury.
FASEB J., 2005, 19(9), 1088-10895. http://dx.doi.org/10.1096/
1j.05-3718com

Neuzil, J.; Widen, C.; Gellert, N.; Swettenham, E.; Zobalova, R.;
Dong, L.F.; Wang, X.F.; Lidebjer, C.; Dalen, H.; Headrick, J.P.;
Witting, P.K. Mitochondria transmit apoptosis signalling in
cardiomyocyte-like cells and isolated hearts exposed to
experimental ischemia-reperfusion injury. Redox. Rep., 2007,
12(3), 148-162. http://dx.doi.org/10.1179/135100007X200227
Chandran, K.; Aggarwal, D.; Migrino, R.Q.; Joseph, J.; McAllister,
D.; Konorev, E.A.; Antholine, W.E.; Zielonka, J.; Srinivasan, S.;
Avadhani, N. G.; Kalyanaraman, B. Doxorubicin inactivates
myocardial cytochrome ¢ oxidase in rats: cardioprotection by Mito-
Q. Biophys. J., 2009, 96(4), 1388-1398. http://dx.doi.org/10.1016/
j-bpj.2008.10.042

Damier, P.; Hirsch, E.C.; Agid, Y.; Graybiel, A.M. The substantia
nigra of the human brain. II. Patterns of loss of dopamine-
containing neurons in Parkinson's disease. Brain, 1999, 122(Pt 8),
1437-1448. http://dx.doi.org/10.1093/brain/122.8.1437

Beal, M.F. Neuroprotective effects of creatine. Amino Acids, 2011,
40(5), 1305-1313. http://dx.doi.org/10.1007/s00726-011-0851-0
Matthews, R.T.; Ferrante, R.J.; Klivenyi, P.; Yang, L.; Klein, A.M.;
Mueller, G.; Kaddurah-Daouk, R.; Beal, M.F. Creatine and
cyclocreatine attenuate MPTP neurotoxicity. Exp. Neurol., 1999,
157(1), 142-149. http://dx.doi.org/10.1006/exnr.1999.7049

Yang, L.; Calingasan, N.Y.; Wille, E.J.; Cormier, K.; Smith, K.;
Ferrante, R.J.; Beal, M.F. Combination therapy with coenzyme
Q10 and creatine produces additive neuroprotective effects in
models of Parkinson's and Huntington's diseases. J. Neurochem.,
2009, 109(5), 1427-1439. http://dx.doi.org/10.1111/j.1471-4159.
2009.06074.x

Bender, A.; Koch, W.; Elstner, M.; Schombacher, Y.; Bender, J.;
Moeschl, M.; Gekeler, F.; Muller-Myhsok, B.; Gasser, T.; Tatsch,
K.; Klopstock, T. Creatine supplementation in Parkinson disease: a
placebo-controlled randomized pilot trial. Neurology, 2006, 67(7),
1262-1264. http://dx.doi.org/10.1212/01.wnl.0000238518.34389.12
A randomized, double-blind, futility clinical trial of creatine and
minocycline in early Parkinson disease. Neurology, 2006, 66(5),
664-671. http://dx.doi.org/10.1212/01.wnl.0000201252.57661 .1
Hass, C.J.; Collins, M.A.; Juncos, J.L. Resistance training with
creatine monohydrate improves upper-body strength in patients
with Parkinson disease: a randomized trial. Neurorehabil.
Neural. Repair., 2007, 21(2), 107-115. http://dx.doi.org/10.1177/
1545968306293449

Couzin, J. Clinical research. Testing a novel strategy against
Parkinson's disease. Science, 2007, 315(5820), 1778. http://dx.doi.
org/10.1126/science.315.5820.1778

Kieburtz, K.; Tilley, B.C.; Elm, J.J.; Babcock, D.; Hauser, R.;
Ross, G.W.; Augustine, A.H.; Augustine, E.U.; Aminoff, M.J.;
Bodis-Wollner, 1.G.; Boyd, J.; Cambi, F.; Chou, K.; Christine,
C.W.; Cines, M.; Dahodwala, N.; Derwent, L.; Dewey, R.B., Jr.;
Hawthorne, K.; Houghton, D.J.; Kamp, C.; Leehey, M.; Lew, M.F.;
Liang, G.S.; Luo, S.T.; Mari, Z.; Morgan, J.C.; Parashos, S.; Perez,
A.; Petrovitch, H.; Rajan, S.; Reichwein, S.; Roth, J.T.; Schneider,
J.S.; Shannon, K.M.; Simon, D.K.; Simuni, T.; Singer, C.;
Sudarsky, L.; Tanner, C.M.; Umeh, C.C.; Williams, K.; Wills,
AM. Effect of creatine monohydrate on clinical progression in
patients with Parkinson disease: a randomized clinical trial. JAMA,
2015, 313(6), 584-593. http://dx.doi.org/10.1001/jama.2015.120
Weinreb, O.; Mandel, S.; Youdim, M.B.; Amit, T. Targeting
dysregulation of brain iron homeostasis in Parkinson's disease by
iron chelators. Free Radic. Biol. Med., 2013, 62, 52-64. http://dx.
doi.org/10.1016/j.freeradbiomed.2013.01.017

Keberle, H. The Biochemistry of Desferrioxamine and Its Relation
to Iron Metabolism. Ann. N.Y. Acad. Sci., 1964, 119, 758-768.
http://dx.doi.org/10.1111/j.1749-6632.1965.tb54077 x
Ben-Shachar, D.; Eshel, G.; Riederer, P.; Youdim, M.B. Role of
iron and iron chelation in dopaminergic-induced neurodegeneration:

[79]

(81]

(83]

(85]

(86]

(87]

(88]

[90]

Current Neuropharmacology, 2016, Vol. 14, No. 3 269

implication for Parkinson's disease. Ann. Neurol., 1992, 32 Suppl,
S105-110. http://dx.doi.org/10.1002/ana.410320718

Ben-Shachar, D.; Eshel, G.; Finberg, J.P.; Youdim, M.B. The iron
chelator desferrioxamine (Desferal) retards 6-hydroxydopamine-
induced degeneration of nigrostriatal dopamine neurons. J.
Neurochem., 1991, 56(4), 1441-1444. http://dx.doi.org/10.1111/
j-1471-4159.1991.tb11444 x

Richardson, D.R. Novel chelators for central nervous system
disorders that involve alterations in the metabolism of iron and
other metal ions. Ann. N.Y. Acad. Sci., 2004, 1012, 326-341. http://
dx.doi.org/10.1196/annals.1306.026

Zheng, H.; Weiner, L.M.; Bar-Am, O.; Epsztejn, S.; Cabantchik,
Z1; Warshawsky, A.; Youdim, M.B.; Fridkin, M. Design,
synthesis, and evaluation of novel bifunctional iron-chelators as
potential agents for neuroprotection in Alzheimer's, Parkinson's,
and other neurodegenerative diseases. Bioorg. Med. Chem., 2005,
13(3), 773-783. http://dx.doi.org/10.1016/j.bmc.2004.10.037
Shachar, D.B.; Kahana, N.; Kampel, V.; Warshawsky, A.; Youdim,
M.B. Neuroprotection by a novel brain permeable iron chelator,
VK-28, against 6-hydroxydopamine lession in rats. Neuro-
pharmacology, 2004, 46(2), 254-263. http://dx.doi.org/10.1016/
j-neuropharm.2003.09.005

Devos, D.; Moreau, C.; Devedjian, J. C.; Kluza, J.; Petrault, M.;
Laloux, C.; Jonneaux, A.; Ryckewaert, G.; Garcon, G.; Rouaix, N.;
Duhamel, A.; Jissendi, P.; Dujardin, K.; Auger, F.; Ravasi, L.;
Hopes, L.; Grolez, G.; Firdaus, W.; Sablonniere, B.; Strubi-
Vuillaume, I.; Zahr, N.; Destee, A.; Corvol, J.C.; Poltl, D.; Leist,
M.; Rose, C.; Defebvre, L.; Marchetti, P.; Cabantchik, Z.1.; Bordet,
R. Targeting chelatable iron as a therapeutic modality in
Parkinson's disease. Antioxid. Redox. Signal, 2014, 21(2), 195-210.
http://dx.doi.org/10.1089/ars.2013.5593

Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.;
Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.; Scarpulla, R.C.;
Spiegelman, B.M. Mechanisms controlling mitochondrial
biogenesis and respiration through the thermogenic coactivator
PGC-1. Cell, 1999, 98(1), 115-124. http://dx.doi.org/10.1016/
S0092-8674(00)80611-X

Lehman, J.J.; Barger, P.M.; Kovacs, A.; Saffitz, J.E.; Medeiros,
D.M.; Kelly, D.P. Peroxisome proliferator-activated receptor
gamma coactivator-1 promotes cardiac mitochondrial biogenesis. J.
Clin. Invest., 2000, 106(7), 847-856. http://dx.doi.org/10.1172/
JCI10268

St-Pierre, J.; Drori, S.; Uldry, M.; Silvaggi, J.M.; Rhee, J.; Jager,
S.; Handschin, C.; Zheng, K.; Lin, J.; Yang, W.; Simon, D.K.;
Bachoo, R.; Spiegelman, B.M. Suppression of reactive oxygen
species and neurodegeneration by the PGC-1 transcriptional
coactivators. Cell, 2006, 127(2), 397-408. http://dx.doi.org/10.
1016/j.cell.2006.09.024

Zheng, B.; Liao, Z.; Locascio, J.J.; Lesniak, K.A.; Roderick, S.S.;
Watt, M.L.; Eklund, A.C.; Zhang-James, Y.; Kim, P.D.; Hauser, M.
A.; Grunblatt, E.; Moran, L.B.; Mandel, S.A.; Riederer, P.; Miller,
R.M.; Federoff, H.J.; Wullner, U.; Papapetropoulos, S.; Youdim,
M.B.; Cantuti-Castelvetri, I.; Young, A.B.; Vance, J.M.; Davis,
R.L.; Hedreen, J.C.; Adler, C.H.; Beach, T.G.; Graeber, M.B.;
Middleton, F.A.; Rochet, J.C.; Scherzer, C.R. PGC-lalpha, a
potential therapeutic target for early intervention in Parkinson's
disease. Sci. Transl. Med., 2010, 2(52), 52ra73. http://dx.doi.org/
10.1126/scitranslmed.3001059

Mudo, G.; Makela, J.; Di Liberto, V.; Tselykh, T.V.; Olivieri, M.;
Piepponen, P.; Eriksson, O.; Malkia, A.; Bonomo, A.; Kairisalo,
M.; Aguirre, J.A.; Korhonen, L.; Belluardo, N.; Lindholm, D.
Transgenic expression and activation of PGC-lalpha protect
dopaminergic neurons in the MPTP mouse model of Parkinson's
disease. Cell Mol. Life Sci., 2012, 69(7), 1153-1165.
http://dx.doi.org/10.1007/s00018-011-0850-z

Schapira, A.H.; Olanow, C.W.; Greenamyre, J.T.; Bezard, E.
Slowing of neurodegeneration in Parkinson's disease and
Huntington's disease: future therapeutic perspectives. Lancet, 2014,
384(9942), 545-555. http://dx.doi.org/10.1016/S0140-6736(14)
61010-2

Lagouge, M.; Argmann, C.; Gerhart-Hines, Z.; Meziane, H.; Lerin,
C.; Daussin, F.; Messadeq, N.; Milne, J.; Lambert, P.; Elliott, P.;



270

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

Current Neuropharmacology, 2016, Vol. 14, No. 3

Geny, B.; Laakso, M.; Puigserver, P.; Auwerx, J. Resveratrol
improves mitochondrial function and protects against metabolic
disease by activating SIRT1 and PGC-lalpha. Cell, 2006, /27(6),
1109-1122. http://dx.doi.org/10.1016/j.cell.2006.11.013

Baur, J.A.; Pearson, K.J.; Price, N.L.; Jamieson, H.A.; Lerin, C.;
Kalra, A.; Prabhu, V.V.; Allard, J.S.; Lopez-Lluch, G.; Lewis, K.;
Pistell, P.J.; Poosala, S.; Becker, K.G.; Boss, O.; Gwinn, D.; Wang,
M.; Ramaswamy, S.; Fishbein, K.W.; Spencer, R.G.; Lakatta, E.G.;
Le Couteur, D.; Shaw, R.J.; Navas, P.; Puigserver, P.; Ingram,
D.K.; de Cabo, R.; Sinclair, D.A. Resveratrol improves health and
survival of mice on a high-calorie diet. Nature, 2006, 444(7117),
337-342. http://dx.doi.org/10.1038/nature05354

Rocha-Gonzalez, H.I.; Ambriz-Tututi, M.; Granados-Soto, V.
Resveratrol: a natural compound with pharmacological potential in
neurodegenerative diseases. CNS Neurosci. Ther., 2008, 14(3),
234-247. http://dx.doi.org/10.1111/j.1755-5949.2008.00045 .x

Lu, K.T.; Ko, M.C.; Chen, B.Y.; Huang, J.C.; Hsich, C.W.; Lee,
M.C.; Chiou, R.Y.; Wung, B.S.; Peng, C.H.; Yang, Y.L.
Neuroprotective effects of resveratrol on MPTP-induced neuron
loss mediated by free radical scavenging. J. Agric. Food Chem.,
2008, 56(16), 6910-6913. http://dx.doi.org/10.1021/j£8007212
Blanchet, J.; Longpre, F.; Bureau, G.; Morissette, M.; DiPaolo, T.;
Bronchti, G.; Martinoli, M.G. Resveratrol, a red wine polyphenol,
protects dopaminergic neurons in MPTP-treated mice. Prog.
Neuropsychopharmacol. Biol. Psychiatry, 2008, 32(5), 1243-1250.
http://dx.doi.org/10.1016/j.pnpbp.2008.03.024

Lofrumento, D.D.; Nicolardi, G.; Cianciulli, A.; De Nuccio, F.; La
Pesa, V.; Carofiglio, V.; Dragone, T.; Calvello, R.; Panaro, M.A.
Neuroprotective effects of resveratrol in an MPTP mouse model of
Parkinson's-like disease: possible role of SOCS-1 in reducing pro-
inflammatory responses. Innate. Immun., 2014, 20(3), 249-260.
http://dx.doi.org/10.1177/1753425913488429

Khan, M.M.; Ahmad, A.; Ishrat, T.; Khan, M.B.; Hoda, M.N.;
Khuwaja, G.; Raza, S.S.; Khan, A.; Javed, H.; Vaibhav, K.; Islam,
F. Resveratrol attenuates 6-hydroxydopamine-induced oxidative
damage and dopamine depletion in rat model of Parkinson's
disease. Brain Res., 2010, 1328, 139-151. http://dx.doi.org/
10.1016/j.brainres.2010.02.031

Wang, Y.; Xu, H.; Fu, Q.; Ma, R.; Xiang, J. Protective effect of
resveratrol derived from Polygonum cuspidatum and its liposomal
form on nigral cells in parkinsonian rats. J. Neurol. Sci., 2011,
304(1-2), 29-34. http://dx.doi.org/10.1016/j.jns.2011.02.025

Jin, F.; Wu, Q.; Lu, Y.F.; Gong, Q.H.; Shi, J.S. Neuroprotective
effect of resveratrol on 6-OHDA-induced Parkinson's disease in
rats. Eur. J. Pharmacol., 2008, 600(1-3), 78-82. http://dx.doi.org/
10.1016/j.ejphar.2008.10.005

Barbiero, J.K.; Santiago, R.M.; Persike, D. S.; da Silva Fernandes,
M.J.; Tonin, F.S.; da Cunha, C.; Lucio Boschen, S.; Lima, M.M.;
Vital, M.A. Neuroprotective effects of peroxisome proliferator-
activated receptor alpha and gamma agonists in model of
parkinsonism induced by intranigral 1-methyl-4-phenyl-1,2,3,6-
tetrahyropyridine. Behav. Brain Res., 2014, 274, 390-399.
http://dx.doi.org/10.1016/j.bbr.2014.08.014

Ulusoy, G.K.; Celik, T.; Kayir, H.; Gursoy, M.; Isik, A.T.; Uzbay,
T.I. Effects of pioglitazone and retinoic acid in a rotenone model of
Parkinson's disease. Brain Res. Bull,, 2011, 85(6), 380-384.
http://dx.doi.org/10.1016/j.brainresbull.2011.05.001

Tricoire, H.; Locatelli, A.; Chemineau, P.; Malpaux, B. Melatonin
enters the cerebrospinal fluid through the pineal recess.
Endocrinology, 2002, 143(1), 84-90. http://dx.doi.org/10.1210/
endo.143.1.8585

Adi, N.; Mash, D.C; Ali, Y.; Singer, C.; Shehadeh, L
Papapetropoulos, S. Melatonin MT1 and MT2 receptor expression
in Parkinson's disease. Med. Sci. Monit., 2010, 16(2), BR61-67.
Antolin, I.; Mayo, J.C.; Sainz, R.M.; del Brio Mde, L.; Herrera, F.;
Martin, V.; Rodriguez, C. Protective effect of melatonin in a
chronic experimental model of Parkinson's disease. Brain Res
2002, 943(2), 163-173. http://dx.doi.org/10.1016/S0006-8993(02)
02551-9

Acuna-Castroviejo, D.; Coto-Montes, A.; Gaia Monti, M.; Ortiz,
G.G.; Reiter, R.J. Melatonin is protective against MPTP-induced
striatal and hippocampal lesions. Life Sci., 1997, 60(2), PL23-29.

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Filograna et al.

Thomas, B.; Mohanakumar, K.P. Melatonin protects against oxidative
stress caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in
the mouse nigrostriatum. J. Pineal. Res., 2004, 36(1), 25-32.
http://dx.doi.org/10.1046/j.1600-079X.2003.00096.x

Tapias, V.; Escames, G.; Lopez, L.C.; Lopez, A.; Camacho, E.;
Carrion, M.D.; Entrena, A.; Gallo, M.A.; Espinosa, A.; Acuna-
Castroviejo, D. Melatonin and its brain metabolite N(1)-acetyl-5-
methoxykynuramine prevent mitochondrial nitric oxide synthase
induction in parkinsonian mice. J. Neurosci. Res., 2009, 87(13),
3002-3010. http://dx.doi.org/10.1002/jnr.22123

Dabbeni-Sala, F.; Di Santo, S.; Franceschini, D.; Skaper, S. D.;
Giusti, P. Melatonin protects against 6-OHDA-induced
neurotoxicity in rats: a role for mitochondrial complex I activity.
FASEB J., 2001, 15(1), 164-170. http://dx.doi.org/10.1096/£j.00-
0129com

Melchiorri, D.; Reiter, R.J.; Attia, A.M.; Hara, M.; Burgos, A.;
Nistico, G. Potent protective effect of melatonin on in vivo paraquat-
induced oxidative damage in rats. Life Sci., 1995, 56(2), 83-89.
http://dx.doi.org/10.1016/0024-3205(94)00417-Q

Singhal, N.K.; Srivastava, G.; Patel, D.K.; Jain, S.K.; Singh, M.P.
Melatonin or silymarin reduces maneb- and paraquat-induced
Parkinson's disease phenotype in the mouse. J. Pineal. Res., 2011,
50(2),97-109.

Saravanan, K.S.; Sindhu, K.M.; Mohanakumar, K.P. Melatonin
protects against rotenone-induced oxidative stress in a
hemiparkinsonian rat model. J. Pineal. Res., 2007, 42(3), 247-253.
http://dx.doi.org/10.1111/j.1600-079X.2006.00412.x

Morgan, W.W.; Nelson, J.F. Chronic administration of
pharmacological levels of melatonin does not ameliorate the
MPTP-induced degeneration of the nigrostriatal pathway. Brain
Res., 2001, 921(1-2), 115-121. http://dx.doi.org/10.1016/S0006-
8993(01)03106-7

van der Schyf, C.J.; Castagnoli, K.; Palmer, S.; Hazelwood, L.;
Castagnoli, N., Jr. Melatonin fails to protect against long-term
MPTP-induced dopamine depletion in mouse striatum. Neurotox.
Res., 2000, 1(4),261-269. http://dx.doi.org/10.1007/BF03033256
Urata, Y.; Honma, S.; Goto, S.; Todoroki, S.; Iida, T.; Cho, S.;
Honma, K.; Kondo, T. Melatonin induces gamma-glutamylcysteine
synthetase mediated by activator protein-1 in human vascular
endothelial cells. Free Radic. Biol. Med., 1999, 27(7-8), 838-847.
http://dx.doi.org/10.1016/S0891-5849(99)00131-8

Pablos, M.L.; Reiter, R.J.; Ortiz, G.G.; Guerrero, J.M.; Agapito,
M.T.; Chuang, J.I; Sewerynek, E. Rhythms of glutathione
peroxidase and glutathione reductase in brain of chick and their
inhibition by light. Neurochem. Int., 1998, 32(1), 69-75.
http://dx.doi.org/10.1016/S0197-0186(97)00043-0

Antolin, L; Rodriguez, C.; Sainz, R.M.; Mayo, J.C.; Uria, H.; Kotler,
M.L.; Rodriguez-Colunga, M.J.; Tolivia, D.; Menendez-Pelaez, A.
Neurohormone melatonin prevents cell damage: effect on gene
expression for antioxidant enzymes. FASEB J., 1996, 10(8), 882-
890.

Jimenez-Ortega, V.; Cano, P.; Cardinali, D.P.; Esquifino, A.I. 24-
Hour variation in gene expression of redox pathway enzymes in rat
hypothalamus: effect of melatonin treatment. Redox. Rep., 2009,
14(3), 132-138. http://dx.doi.org/10.1179/135100009X392548
Cardinali, D.P.; Pagano, E.S.; Scacchi Bernasconi, P.A.; Reynoso,
R.; Scacchi, P. Melatonin and mitochondrial dysfunction in the
central nervous system. Horm. Behav., 2013, 63(2), 322-330.
http://dx.doi.org/10.1016/j.yhbeh.2012.02.020

Dowling, G.A.; Mastick, J.; Colling, E.; Carter, J.H.; Singer, C.M.;
Aminoff, M.J. Melatonin for sleep disturbances in Parkinson's
disease. Sleep Med., 2005, 6(5), 459-466. http://dx.doi.org/
10.1016/j.sleep.2005.04.004

Medeiros, C.A.; Carvalhedo de Bruin, P.F.; Lopes, L.A;
Magalhaes, M.C.; de Lourdes Seabra, M.; de Bruin, V.M. Effect of
exogenous melatonin on sleep and motor dysfunction in Parkinson's
disease. A randomized, double blind, placebo-controlled study. J.
Neurol., 2007, 254(4), 459-464. http://dx.doi.org/10.1007/s00415-
006-0390-x

Shamir, E.; Barak, Y.; Shalman, I.; Laudon, M.; Zisapel, N.;
Tarrasch, R.; Elizur, A.; Weizman, R. Melatonin treatment for
tardive dyskinesia: a double-blind, placebo-controlled, crossover



Anti-Oxidants in Parkinson’s Disease Therapy: A Critical Point of View

[121]

[122]

[123]

study. Arch. Gen. Psychiatry, 2001, 58(11), 1049-1052. http://dx.
doi.org/10.1001/archpsyc.58.11.1049

Weishaupt, J.H.; Bartels, C.; Polking, E.; Dietrich, J.; Rohde, G.;
Poeggeler, B.; Mertens, N.; Sperling, S.; Bohn, M.; Huther, G.;
Schneider, A.; Bach, A.; Siren, A.L.; Hardeland, R.; Bahr, M.;
Nave, K.A.; Ehrenreich, H. Reduced oxidative damage in ALS by
high-dose enteral melatonin treatment. J. Pineal. Res., 2006, 41(4),
313-323. http://dx.doi.org/10.1111/j.1600-079X.2006.00377.x
Murphy, M.P. Antioxidants as therapies: can we improve on
nature? Free Radic. Biol. Med., 2014, 66, 20-23. http://dx.doi.org/
10.1016/j.freeradbiomed.2013.04.010

Gemma, C.; Vila, J.; Bachstetter, A.; Bickford, P. C. Oxidative
Stress and the Aging Brain: From Theory to Prevention. 2007.

[124]

[125]

[126]

Current Neuropharmacology, 2016, Vol. 14, No. 3 271

Scherz-Shouval, R.; Elazar, Z. Regulation of autophagy by ROS:
physiology and pathology. Trends Biochem. Sci., 2011, 36(1), 30-
38. http://dx.doi.org/10.1016/j.tibs.2010.07.007

Mason, R.P.; Casu, M.; Butler, N.; Breda, C.; Campesan, S.; Clapp,
J.; Green, E.W.; Dhulkhed, D.; Kyriacou, C.P.; Giorgini, F.
Glutathione peroxidase activity is neuroprotective in models of
Huntington's disease. Nat. Genet., 2013, 45(10), 1249-1254.
http://dx.doi.org/10.1038/ng.2732

Janda, E.; Isidoro, C.; Carresi, C.; Mollace, V. Defective autophagy
in Parkinson's disease: role of oxidative stress. Mol. Neurobiol.,
2012, 46(3), 639-661. http://dx.doi.org/10.1007/s12035-012-8318-1

Received: March 02, 2015

Revised: June 01, 2015

Accepted: June 01, 2015



